In Brief
Multiciliated cells (MCCs) bear hundreds of motile cilia that beat to drive fluid movement. For instance, MCCs function as janitors of the airways, where they promote mucus clearance. Using genetic analysis in zebrafish and Xenopus, Zhou et al. report that the coiled-coil protein GMNC is a novel determinant and key regulator of MCC fate.
SUMMARY
Multiciliated cells (MCCs) differentiate hundreds of motile cilia that generate mechanical force required to drive fluid movement over epithelia [1, 2] . For example, metachronal beating of MCC cilia in the mammalian airways clears mucus that traps inhaled pathogens and pollutants. Consequently, abnormalities in MCC differentiation or ciliary motility have been linked to an expanding spectrum of human airway diseases [3] [4] [5] [6] . The current view posits that MCC precursors are singled out by the inhibition of Notch signaling. MCC precursors then support an explosive production of basal bodies, which migrate to the apical surface, dock with the plasma membrane, and seed the growth of multiple motile cilia. At the center of this elaborate differentiation program resides the coiled-coil-containing protein Multicilin, which transcriptionally activates genes for basal body production and the gene for FoxJ1, the master regulator for basal body docking, cilia formation, and motility [7, 8] . Here, using genetic analysis in the zebrafish embryo, we discovered that Gmnc is a novel determinant of the MCC fate. Like Multicilin, Gmnc is a coiled-coil-containing protein of the Geminin family. We show that Gmnc functions downstream of Notch signaling, but upstream of Multicilin in the developmental pathway controlling MCC specification. Moreover, we find that loss of Gmnc in Xenopus embryos also causes loss of MCC differentiation and that overexpression of the protein is sufficient to induce supernumerary MCCs. Together, our data identify Gmnc as an evolutionarily conserved master regulator functioning at the top of the hierarchy of transcription factors involved in MCC differentiation.
RESULTS

Gmnc Is a Novel Regulator of MCC Formation in the Zebrafish Embryo
We identified gmnc (geminin coiled-coil domain containing, also called gemc1 or geminin coiled-coil containing protein 1) as a target of FoxJ1a, a homolog of mammalian FoxJ1, in a microarray-based expression screen using zebrafish embryos [9] . gmnc has previously been implicated in chromosomal DNA replication through knockdown studies in Xenopus embryos and cultured mammalian cells, and it encodes a Geminin (Gmnn) family coiled-coil-containing protein like Multicilin [10] ( Figure S1A ). Since FoxJ1 has a central role in motile cilia biogenesis, we reasoned that gmnc may have a role in the development or function of the motile cilia. To uncover a potential role for gmnc in cilia, we used two independent antisense morpholino (MO) oligonucleotides to knock down the function of the gene. Zebrafish embryos injected with either MO showed an almost complete absence of multiciliated cells (MCCs) from the kidney tubules ( Figures 1A, 1B , and S1B and data not shown). In this tissue, the MCCs are interspersed with mono-motile cilia bearing cells ( Figure 1A ), which were not affected by the knockdown of Gmnc ( Figure 1B) . The MCCs facilitate urine flow, and their defective differentiation typically results in the formation of kidney cysts. Consistent with the loss of the MCCs, gmnc morphants also developed prominent kidney cysts ( Figures 1C  and 1D ). Besides these specific effects on MCC development, the morphant embryos otherwise appeared largely normal ( Figure S1C ). To ensure the specificity of the MOs, we generated zebrafish carrying a large deletion within the gmnc locus using the CRISPR/Cas9 technology [11] [12] [13] [14] (Figures S1D and S1E ). Many F1 embryos obtained from intercrosses of F0 fish that carried the deletion allele in their somatic tissue also showed a complete absence of MCCs ( Figures 1E and 1F ). In addition, approximately one-quarter of F2 embryos derived from intercrosses of heterozygous F1 fish fully phenocopied the morphants, exhibiting a completely penetrant MCC-deficient phenotype ( Figures 1G and 1H ) and cystic kidneys. Thus, Gmnc is a novel and essential protein required for MCC formation in the zebrafish embryo.
Gmnc Functions Downstream of Notch Signaling but Upstream of mcidas
In order to position Gmnc relative to the known pathways and factors involved in MCC differentiation, we first injected the MO (all subsequent experiments were performed with the splice-blocking MO) into mind bomb (mib) mutant embryos [15] . mib encodes an E3 ubiquitin ligase that is essential for Notch (N) signaling [16] . In the absence of N signaling, mib embryos produce supernumerary MCCs: all cells in the midregion of the kidney tubule get transfated into the MCC fate at the expense of the mono-motile ciliated cells [17, 18] (Figures 2A  and 2B ). However, mib embryos injected with the gmnc MO showed a complete absence of MCCs ( Figure 2C ). We also inhibited N signaling by knocking down Jagged2a (a ligand for N) in the gmnc morphants and found an identical effect on MCC formation ( Figures 2D and 2E ). These results imply that Gmnc is required for MCC formation downstream of N signaling.
Studies with Xenopus embryos, and human patients afflicted with the congenital airway disease reduced generation of multiple motile cilia (RGMC), have now well established that Multicilin is important for MCC formation [7, 19] ; however, it is unclear whether this role of Multicilin is conserved outside of the tetrapods. Through BLAST analysis, we were able to identify a zebrafish homolog of Multicilin (unpublished data). Even though the sequence of the protein is highly divergent from the Xenopus and mammalian orthologs, the zebrafish mcidas gene (encoding Multicilin) is specifically expressed in MCC precursors of the kidney tubules ( Figure 2F ). In mib mutants, mcidas expression was enhanced, agreeing with published findings that mcidas is antagonized by N signaling [7] ( Figure 2G ). In mib embryos injected with the gmnc MO, mcidas expression was not induced, indicating that it functions downstream of gmnc and that Gmnc is necessary for instituting the expression of mcidas in the MCC precursors ( Figure 2H ). We also found that the expression of foxj1b, a paralogue of foxj1a, as well as rfx2, a member of the rfx genes encoding another family of ciliogenic transcription factors, both of which are expressed in differentiating MCCs [18, 20, 21] , was not induced in gmnc morphants (Figures 2I, 2J, S2A, and S2B). By contrast, expression of foxj1a, which is the first ciliogenic transcription factor gene to be expressed throughout the developing kidney tubule [22, 23] , was not affected by the loss of gmnc ( Figures S2C and S2D ). We conclude that in the absence of Gmnc function, there is a specific and early block in the MCC developmental program.
gmnc Is Expressed in MCC Precursors and Is Responsive to N Signaling and FoxJ1a Activity We used end-point PCR and whole-mount in situ hybridization to visualize the pattern of gmnc expression at different developmental stages of the zebrafish embryo. We found that gmnc transcripts are maternally deposited ( Figure 3A) . From 18 hr post-fertilization (hpf), we observed prominent gmnc expression in the developing nasal placodes ( Figure 3B ), which, like the kidney tubules, differentiate clusters of MCCs that are lost in embryos compromised in gmnc activity (Figures S1F and S1G). Around 24 hpf, gmnc expression occurred in the mid-section of the developing kidney tubules, a region where MCCs subsequently differentiate. Soon thereafter, this pattern resolved into expression in single cells in the precursors of the MCCs ( Figure 3C ). Because epistatic analysis allowed us to position Gmnc downstream of N signaling, we next investigated whether gmnc expression is controlled by N activity. We found by qPCR that in jagged2a morphants, similar to mcidas, there was an upregulation of gmnc expression, consistent with the view that N signaling acts to repress gmnc expression ( Figure 3D ). Since we isolated gmnc as a target of FoxJ1a, we also examined the responsiveness of gmnc expression to FoxJ1a activity. In line with our microarray results, embryos with FoxJ1a overexpression exhibited an elevated level of gmnc ( Figure 3E ).
Gmnc Is Not Sufficient to Induce MCC Formation in Zebrafish Embryos
Multicilin has a motif of 45 amino acids at the extreme C-terminal end called the TIRT domain that is essential for its role in the specification of MCC fate [7, 8] . The TIRT domain is absent from Gmnn, but it appears to be partly conserved in Gmncthis region of the human MULTICILIN and GMNC proteins share 42.5% identity ( Figure S3A ). Since overexpression of Multicilin in Xenopus embryos and mouse airway cell cultures can produce ectopic MCCs [7] , we next investigated whether Gmnc is also sufficient for MCC formation. Overexpression of zebrafish gmnc or the human ortholog in zebrafish embryos did not result in the production of ectopic MCCs (data not shown). Both proteins could be detected within the nuclei of zebrafish cells (Figures S3B and S3C) . By qPCR, we assayed for changes in the expression levels of a host of MCC genes like mcidas, foxj1b, and ccdc78 (a gene that encodes a coiled-coil protein involved in deuterosome function [24] ) and found no alterations relative to the wild-type for all of them, except ccdc78, which was increased by about 2-fold ( Figures S3D and S3E) . Thus, even though Gmnc function is absolutely essential for the proper expression of genes required for MCC differentiation and for the specification of the MCC fate, Gmnc alone is not capable of fully instituting the MCC differentiation program in zebrafish embryos. 
Gmnc Functions Independent of the E2f Proteins
Although Multicilin is sufficient for activation of the transcriptional program for MCC differentiation, because it lacks a DNA binding domain, it does so by complexing with the E2f family transcription factors, which can bind DNA but lack transactivating function [8] . Due to the structural similarity between Multicilin and Gmnc, especially in the TIRT domain (which is required for Multicilin to bind to the E2f proteins), we next investigated whether Gmnc is also able to form a complex with the E2f proteins. We found that unlike Multicilin, GMNC does not form a complex with the E2f family member E2F4 and its dimerization partner TfDP1 ( Figure S3F ). In keeping with this finding, overexpression of the human or the zebrafish Gmnc proteins along with the zebrafish E2f factors E2f4 or E2f5 did not result in the production of ectopic MCCs in zebrafish embryos (data not shown).
Gmnc Is Necessary and Sufficient for MCC Specification in Xenopus Embryos
MCCs are a primitive cell type, and many aspects of MCC development have been shown to be conserved between the zebrafish, Xenopus, and mammals. We wanted to learn whether Gmnc is also critical for MCC development in other groups of animals. Interestingly, the genome of the flat worm Schmidtea mediterranea, which uses MCCs for gliding locomotion and is the only genetically tractable system for studying MCC differentiation among the invertebrates [25] , lacks the homologs for both Multicilin as well as Gmnc (J. Rink, personal communication). Therefore, we resorted to the Xenopus embryo to ascertain whether Gmnc has a role in MCC formation among the tetrapods. For this, we knocked down gmnc function using a splice-blocking MO [10] and assayed for the development of MCCs on the developing epidermis ( Figures 4A and 4B) . Like the mammalian airways, motile cilia on these MCCs beat to propel a protective layer of mucus over the tadpole skin and have been a very informative system for understanding the genetic and cellular basis of MCC development. Similar to the situation in the zebrafish embryo, we found that Xenopus larvae injected with the Gmnc MO had a significant reduction in the numbers of MCCs (Figures 4C-4H) , a phenotype that correlated with aberrant splicing of the gmnc mRNA ( Figure 4A) . Furthermore, using a cross-reactive antibody against human GMNC, we were able to demonstrate efficient knockdown of the Xenopus Gmnc protein after MO treatment ( Figure 4B ).
To adduce further evidence for specificity of the MO, we attempted to rescue the lack of MCCs in the Xenopus gmnc morphants with in vitro-synthesized human GMNC mRNA ( Figure 4B ). To our surprise, overexpression of human GMNC not only restored MCC formation in the morphant embryos, but also appeared to induce supernumerary MCCs throughout the epidermis (Figures 4I-4K ). To validate this striking effect more directly, we overexpressed the human GMNC mRNA 5 hr) , the gmnc transcript is maternally deposited. actin-b1 (actb1) was used as the loading control. (B and C) Representative staining from in situ hybridization using a probe against gmnc showed that the gene is expressed in the developing nasal placodes (arrows) at 18 hpf (B) and is also expressed in a spotted pattern in the mid-section of the kidney ducts (asterisks) at 24 hpf (C). Scale bars, 50 mm. (D) qPCRs were performed on uninjected or jagged2a MO-injected embryos at 24 hpf. Similar to the ciliogenic genes like foxj1a, foxj1b, and mcidas (mci), whose levels increased in the N-deficient background, gmnc transcript levels also increased moderately (by 3-fold). Expression levels in the uninjected condition were arbitrarily assigned a value of 1. rplpo was used as an internal (loading) control. Error bars represent the SEM from two independent experiments. (E) qPCRs were performed on non-heat-shocked or heat-shocked Tg(hsp70::foxj1a) embryos. The heat-shock treatment induced the foxj1a transgene level by 15-fold, and the foxj1a overexpression induced the gmnc level by 10-fold. Expression levels in the non-heat-shocked condition were arbitrarily assigned a value of 1. actin-b1 (actb1) was used as an internal (loading) control. Error bars represent the SEM from three independent experiments.
in wild-type Xenopus embryos, and this indeed resulted in a massive induction of ectopic MCCs (Figures S4A-S4C ). In line with this, qPCR analysis confirmed that MCC genes like foxj1 and mcidas were indeed upregulated several-fold in response to GMNC overexpression ( Figure S4D ). Together, all of these observations allow us to conclude that Gmnc is a critical component of the MCC developmental program not just in the zebrafish, but also in tetrapods. Moreover, in certain contexts, such as in the Xenopus embryonic epidermis, Gmnc activity is sufficient to trigger the full developmental program for MCC specification. The differential outcome of Gmnc overexpression in Xenopus versus zebrafish embryos could arise from the fact that essential co-factors for Gmnc function are (B) Western-blot analysis using an antibody against human GMNC showed that endogenous Gmnc was depleted in the gmnc morphant embryos at stage 35 and that the injected human GMNC RNA translated to a large amount of the GMNC protein. Actin was used as a loading control. (C and D) The development of gmnc morphant embryos was delayed (observed in 93% of the 43 animals tested). Despite this, in situ hybridization revealed no overt defects in the mucus-secreting goblet cell differentiation (81%; n = 21) (C) or in the differentiation of scattered cells, which are involved in ionic homeostasis regulation (78%; n = 18) (D). (E and F) In contrast to the lack of differentiation defects in goblet cells and scattered cells, the differentiation of MCCs, the third main cell type present on the Xenopus embryonic skin, and marked by ccdc19 (encoding a ciliary protein), was significantly reduced in the gmnc morphants (87%; n = 52) (F) compared to control embryos (E). (G and H) Immuno-staining of acetylated-tubulin revealed that multiple cilia were markedly reduced in the gmnc morphants (94%; n = 34) (H) compared to control embryos (G). (I-K) High-magnification images of the surface ectoderm at stage 30 in control (I), gmnc morphants (J), or emrbyos co-injected with gmnc MO and 80 pg of human GMNC RNA (K) showed that overexpression of the hGMNC RNA not only rescued the MCC defects in the gmnc morphants but was sufficient to produce ectopic MCCs (79%; n = 14). See also Figure S4 . readily available in Xenopus embryos but are limiting in zebrafish embryos.
DISCUSSION
The peculiar ability of the MCC to produce a multitude of basal bodies and motile cilia, and its clinical relevance to a spectrum of airway diseases, has lately attracted a lot of attention to the biology of this specialized cell type. The discovery of Multicilin a few years ago had indicated that the key player in the MCC developmental pathway was identified. However, we have provided multiple lines of evidence that the related coiled-coil protein Gmnc is a novel determinant of the MCC fate and that it lies at the top of the hierarchy of the regulatory cascade that directs the specification of MCCs.
Given the structural similarities between Gmnc and Multicilin, we surmised that like Multicilin, Gmnc may participate in transcriptional regulation by associating with the E2f family members. However, unlike MULTICILIN, we failed to detect robust interaction between GMNC and the E2F complex. Nevertheless, the nuclear localized expression of Gmnc and the finding that critical MCC genes like mcidas, foxj1b, and rfx2 are not expressed in the absence of Gmnc function, combined with its ability to ectopically induce the mcidas and foxj1 genes and MCCs in Xenopus, are all abundantly suggestive of a role for Gmnc in transcription. The molecular details of this activity will have to be elucidated through further investigations. Based on earlier work with Multicilin and Gmnn (which negatively regulates Multicilin activity and is thought to be inhibitory to MCC fate) [7, 8] and our current data with Gmnc, it therefore appears that a regulatory network of these three related coiled-coil proteins has a central role in the transcriptional program of MCC development. Interestingly, among these proteins, Multicilin and Gmnc have master regulatory activities, being not just necessary, but also sufficient for MCC development. Participation of multiple related master regulatory factors in cell-type specification has been noted before-for example, famously the MyoD family in skeletal muscle development [26] -and most likely reflects the requirement for robustness in the genetic circuitry of making highly specialized cells.
Finally, in light of our findings, it will be interesting to explore the link between GMNC and mucociliary clearance disorders in humans, especially RGMC, which is a newly recognized congenital respiratory disease. RGMC is caused by mutations in genes that result in defective differentiation of the MCCs. Thus far, only two genes, MCIDAS and CCNO (CYCLIN O), have been shown to be mutated in patients with this disorder [3, 19] . Like MCIDAS and CCNO, we have shown that gmnc specifically affects MCC formation, but not motile cilia differentiation in general, making it an excellent candidate gene for RGMC.
EXPERIMENTAL PROCEDURES Ethics Statement
All experiments with zebrafish and Xenopus embryos were approved by the Singapore National Advisory on Laboratory Animal Research.
Zebrafish Strains
Wild-type, transgenic, and mutant strains of zebrafish were maintained according to standard procedures for fish husbandry. The T2BGSZ10 gene trap line expresses GFP following the foxj1b pattern [21] . The Tg(0.6foxj1a:: GFP) reporter strain expresses GFP in the foxj1a pattern [23] . The mib ta52b mutant allele was originally described in the Tuebingen screen [15] . The Tg(hsp70::foxj1a) (which also includes an IRES GFP to serve as a reporter) line was described recently [9] . For induction of the foxj1a transgene, two 1 hr heat shocks were administered, the first at the 18 hpf stage and the second 1 hr after the first heat shock. Embryos displaying GFP were collected 1.5 hr after the second heat shock for further applications. For details on the generation of the gmnc CRISPR mutant, see the Supplemental Experimental Procedures.
Zebrafish MO Micro-injections
The following MOs were ordered from Gene Tools and were used in this study: gmnc splice-blocking MO, 
